Lise Wilkinson more than trivial truth; seen in their sixteenth-century context, they were perspicacious indeed. 6 Thirty years later, in 1576, there appeared in Antwerp a work of a very different kind. The author was the Dutch botanist variously referred to as Carolus Clusius, or Charles de l'Escluse.7 It was a treatise on rare plants, with an appendix concerned with Clusius' own observations on tulips. At this time, the tulip had only recently been introduced into Europe; the first authentic record we owe to the man who was probably responsible for its introduction. He was Ogier Ghislain de Busbecq, ambassador from Ferdinand I of Austria to the court of Sultan Soliman the Magnificent from 1554 to 1562. Busbecq may have brought tulips back to Vienna as early as 1555;8 by 1575 Clusius had by his own account received considerable numbers of seeds and bulbs from Busbecq, forming a more than adequate collection on which to base his extensive observations. Even at this early stage, Clusius observed colour changes in his specimens, and described and even illustrated ( Fig. 1 ) the characteristic patterns of what has since become recognized as a viral disease, i.e., the so-called "breaking", or tulip mosaic disease. This is the earliest identifiable record of a plant virus disease in the western world, and for two hundred years, until the observations on potato "degeneration" in Britain and on peach yellows in America in the late eighteenth century, it remained the only one. It was far from being immediately recognized as a morbid condition; on the contrary, although Clusius himself did realize that bulbs producing tulips with colour breaks had less vitality than the selfcoloured ones,10 the visual appeal was such that "broken" or variegated varieties remained most desirable for three hundred years, and are currently enjoying a renaissance in commercial bulb catalogues.
Within a short time, tulips with colour breaks found their way not only into botanical volumes,11 but also into the work of the great painters of the period. Jan ' These passages are quoted, with other relevant material, in Milestones in microbiology, edited and translated by Thomas D. Brock, London, Prentice-Hall, 1961.
7Charles de I'Escluse published his initial observations on tulips as an appendix to Rariorum aliquot stirpium per Hispanias observatarum historia, Antwerp, 1576, and presented further revised data in Rariorum aliquot stirpium, per Pannoniam, Austriam, & vicinas quasdam provincias observatarum historia, Antwerp, 1583. Extracts from these and other works by l'Escluse, together with biographical details, may be found in F. W. T. Hunger, Charles de l'Escluse, s'Gravenhage, 1927 London, 1597, pp. 116-119. All of Gerard's tulip illustrations are identical with some of Clusius', although the accompanying texts differ, and in fact in neither case do they show much relevance to the plants depicted. It was common practice at this time to reproduce expensive woodcuts in various unrelated volumes; several of the tulip illustrations reproduced by Clusius had appeared in earlier 112 Lessons of the plant viruses-tobacco mosaic virus Brueghell2 invariably included "flamed" or "feathered" tulips in his elaborate flower canvases, and also in the flower garlands which he provided for several of Rubens' Madonnas. 13 When Rembrandt van Rijn painted his young wife Saskia as "Flora" shortly after their marriage, in 1634, her long loose hair was crowned by an elaborate arrangement of flowers, a large white tulip with characteristic red feathering drooping over her left ear.14 At the end of the eighteenth century, one Robert Thornton, lecturer on medical botany at the United Hospitals of Guy and St. Thomas, whose reputation unfortunately in no way improved with the years16 produced in London a particularly fine example of botanical illustration featuring a total of seven tulips all showing various distinctive patterns characteristic of viral infection. Thornton made no mention of self-coloured tulips, nor was there any suggestion in his text that the striped varieties were suffering from an anomalous condition, or that the bulbs might be less vigorous than those of non-variegated varieties. Nevertheless, at this time the notion that "breaking" in tulips was the manifestation of some kind of chronic disorder or weakness was certainly considered among botanists; but as to the cause of the disorder, it was more or less agreed that adverse environmental conditions were responsible. The comment by William Hanbury, in 1770, that "All variegations are diseases in a plant and nothing is so proper to bring this about as a defect in nutriment"16 reflects the general attitude in an age when it was common practice to weaken bulbs deliberately by transfer to poor soils in order to encourage the process of "rectification". 17 This is not at all surprising when we consider the state of the theories concerning human infectious disease at this time, and well into the nineteenth century.18 But what is perhaps surprising is that although tulip mosaic disease has a far more impressive historical record than any other plant virus disease, the realization that it was a communicable plant disease, let alone a virus disease, came surprisingly late. When it did come, in 1928,19 it passed largely unnoticed outside the circles of plant pathologists; to most other people at this time, "plant virus" was almost synonymous with tobacco mosaic virus. In the field of plant virus studies, tobacco mosaic virus volumes by Plantin 113
Lise Wilkinson has always occupied a very special place, and with good reason. It was the first infectious agent found to pass through the pores of so-called bacteria-proof filters, and by its very existence it initiated the concept of the "filterable virus", and also a controversy which was to rage for nearly half a century. This happened quite soon after bacteriology had become established as an academic subject following the pioneer studies of Pasteur and of Koch. Schools of pathology were just beginning to offer courses in bacteriology"0 when, in 1879, a local chapter of the Dutch Agricultural Society became alarmed at the spread of a plant disease which had been worrying the tobacco farmers of Holland for many years.21 Samples of diseased leaves were sent to the Director ofthe Agricultural Experiment Station at Wageningen, Adolf Mayer,2' who then embarked on a long and detailed study, the results of which were published in 1885 and 1886.23 Mayer first established the transmissibility of the disease by inoculating healthy plants with sap extracts from crushed leaves of diseased specimens which had been passed through filters. He found a reduction in infectivity following repeated passage through double layers of filter paper, a result which could not be confirmed by later researchers. His main contribution is usually considered to be his insistence on the need for research in this area as well as the coining of the name which has ever since been associated with not only this, but also a number of other plant virus diseases producing similar symptoms in a wide range of higher plants: mosaic disease.
However, a closer examination of the early literature on tobacco mosaic disease suggests that possibly Adolf Mayer has received rather less than a fair share of credit for original, constructive thought which led straight to the pioneering experimental work of the two men acclaimed as the originators of the concept of filterable plant viruses, the Russian botanist Ivanovski On the basis of his inconclusive results, Mayer was inclined to believe the disease to be of bacterial origin, rather than caused by an enzyme, although he had considered this possibility." Having looked in vain for bacteria visible in the microscope, Beijerinck tried every known in vitro method for the cultivation of aerobic as well as anaerobic bacteria.38 The results were totally negative. Even at this early stage, Beijerinck appears to have been far less restricted by conventional microbiological thinking than his contemporaries faced with similar problems. He wrote: "These experiments showed with certainty that we were dealing here with a disease which was caused by a contagium not conforming to the concept of contagium fixum in the usual sense".1m Several years later, ignorant of Ivanovski's studies, he deliberately set out to filter infected sap through bacteria-proof filters. The filtrate showed no loss of infectivity, although all attempts to isolate either aerobic or anaerobic organisms remained futile. Even when kept for three months the filtrate remained bacteria-free but virulent. To determine whether the pathogen should be regarded as "corpuscular" or as a dissolved substance, Beijerinck examined the capacity of the active principle for diffusion into an agar-gel; as the tobacco mosaic virus did in fact penetrate below the surface layer of the agar, he concluded that he had isolated, for the first time, a pathogen which was not corpuscular, but which was active in a water-soluble form. 40 Beijerinck also showed, by inoculation and re-inoculation in series, that the pathogen multiplied within the plant. He was then ready to draw his imaginative, and in the context of his time, very remarkable conclusion: "It is then hardly possible any longer to doubt that the contagium must be considered to be a liquid, or perhaps rather a water-soluble substance".4" Taking into account the results of his attempts to grow the virus in vitro and in vivo, he then presented, in a few sentences, a boldly imaginative and wholly unprecedented analysis of the possible nature of the agent of tobacco mosaic disease. He wrote: "Although the reproduction or growth of a dissolved particle is not unthinkable, it is difficult to imagine. Molecules equipped with a division mechanism enabling them to reproduce, and the idea of metabolizing molecules which must be a presupposition, seems to me obscure, if not positively unnatural. Hence it might conceivably serve as an explanation that the contagium, in order to reproduce, must be incorporated into the living protoplasm of the cell, into whose reproduction it is, in a manner of speaking, passively drawn. This would at least reduce two riddles to only one, since the incorporation of a virus into the living protoplasm, even if well-documented, cannot by any means " Dooren deJong, op. cit., note 25 above, pp. 14-18; cf. also p. 118. "Beijerinck, op. cit., note 31 above, p.28. " Mayer, op. cit., note 27 above.
*Beijerinck, op. cit., note 36 above. '1Beijerinck, op. cit., note 31 above, p. 29.
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Lessons of the plant viruses-tobacco mosaic virus be considered a thoroughly understandable process."42
It is tempting to speculate-on influences in the early life of Beijerinck, the man, which may have contributed to his extraordinary perspicacity in this new and untried field. Throughout his long life botanical microbiology remained his greatest interest, and he has many important discoveries to his credit.'3 On a personal level, he was a difficult and solitary man who made few friends;" but those few remained friends for life, and one of them in particular doubtless put his stamp on Beijerinck's future career. When Beijerinck graduated from secondary school at the age of eighteen in 1869, he went for financial and practical reasons to study technology at the Delft Polytechnic. The course was not exciting in academic terms, and living conditions were barely adequate;45 but the shortcomings were richly compensated for by the formation of a lasting friendship with a fellow student, the subsequently eminent chemist J. H. van't Hoff.46 There can be little doubt that their spirited discussions into the small hours and the chemical experiments the two performed together47 left a lasting impression on Beijerinck's fertile mind, and enabled him in later life to consider chemical molecules and even their possible role in biological systems in a more realistic way than could most of his fellow biologists and pathologists at the time.
The difference in approach is well illustrated when we compare Beijerinck's conjecture with the interpretations offered by those who found other pathogens to be filterable in the last few years of the nineteenth century. Loeffler and Frosch, appointed to head a commission on foot-and-mouth disease in Germany, made a very thorough study of the disease,48 and found its pathogen to pass through bacteria-proof filters. Like Ivanovski, they at first suspected the presence of a soluble toxin; but having inoculated large numbers of calves in series, and having calculated the dilutions which would have taken place had the pathogen not multiplied in its hosts, they were forced to conclude that no toxin could possibly have been sufficiently potent.49 To Loeffler and Frosch, both pupils of Koch's,50 the only alternative was an agent of bacterial nature, even though its dimensions would have to be considerably smaller than those of any previously described micro-organism. Weight Lise Wilkinson bovine pleuropneumonia to pass through bacteria-proof filters. They were able to grow it in culture, although under rather special conditions, and to make it just visible under the light microscope. Many pathologists felt that this would be possible in time, when the right conditions were found, for the other "filterable viruses" known. Beijerinck had postulated the existence of a pathogen in the form of a "contagium vivum fluidum"; taking into consideration his discussion of replicating and metabolizing molecules, we must assume that what he had in mind was an agent present in stable solution in the cell sap. As the alternative, which he rejected, Beijerinck referred to a "corpuscular" virus, by which he presumably meant a cellular entity. Unfortunately, the result was that, as Bawden put it: ...... this suggestion also had its repercussions, for whether or not viruses were particulate was solemnly debated, without anyone apparently asking what they could be if they were not particles of some size or other".52
Also in 1899 the American plant pathologist Woods entered the controversy. His contention was different from either Beijerinck's concept of a contagium vivum fluidum or Ivanovski's bacterial theory. Woods attributed tobacco mosaic disease to a pathologic condition in which there was an accumulation of oxidizing enzymes induced, in his view, by unfavourable external conditions ;53 a theory harking back to humoral pathology but offering no explanation for the apparently limitless transmissibility of the disease. This deficiency was pointed out in 1905 by Hunger,"M who made a point of disagreeing with the conclusions arrived at by all previous workers in the field. His objection to Woods' enzyme theory applied equally well to the similar conclusions reached by Heintzel in a thesis submitted at Erlangen in 1900.65 He disposed of Ivanovski's bacterial theory, and also that by Koning, 6 by showing that he could dissolve the bodies identified by Ivanovski as the causal micro-organism (Fig. 2) by treating the cells with what he called "phenol chlorathydrat" (sic). Since the cell structure as such remained unaffected by this treatment, he concluded that it was unlikely that the bodies could be living bacteria.57 Beijerinck's ideas he dismissed on the grounds, safe at the time, that there was insufficient proof. However, when it came to proposing an alternative theory of his own, Hunger relied on speculation rather than proof as much as those whose ideas he had dismissed. He suggested that the virus might be a toxin which was a normal product of cell metabolism in the tobacco plant, usually of no importance, but which under certain conditions of considerably increased metabolic activity would accumulate and cause the disturbances characteristic of mosaic disease. As for its nature 
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Lessons of the plant viruses-tobacco mosaic virus "I assume that the phytotoxin of mosaic disease, which is produced initially in response to external factors, is capable of exercising a physiological contact effect when entering into normal cells, inducing in them a secondary formation of identical toxin, i.e. the mosaic disease toxin has the ability to act in a physiologically autocatalytic manner".58
Even if this explanation does to some extent imply the use of existing cell mechanisms which has ultimately proved to be the cornerstone of virus replication, it is difficult to resist the reflection that Hunger did not noticeably help to clarify the situation. Perhaps his main contribution was to state clearly and categorically what was implied in many papers on the nature of viruses then and later: a belief in the autonomous origin of the pathogen. Hunger wrote: "I consider tobacco mosaic disease to be a pathologic metabolic disturbance which may occur autonomously, but which is nevertheless transmissible".59 This view persisted for other virus diseases as well up to the 1930s, reinforced along the way by comparisons with the for so long inexplicable lysogenic properties of the bacterial viruses, or bacteriophages.60 As late as 1931 H. H. Dale found it necessary to repudiate this view when he wrote of rabies: "It is difficult, again, to imagine that a virus like rabies could be permanently excluded from a country if it had such an autogenous origin. The phenomena of immunity to a virus, and of closely specific immunity to different strains of the same virus, are peculiarly difficult to interpret on these lines." ''6 While there was a great deal of activity in the field of filterable viruses in the first decade of the twentieth century,62 no more papers on the nature of tobacco mosaic virus (Fig. 2) . The nature of such bodies was hotly debated at this time. Some authors believed them to be of a kind with the flagellates normally living in the latex tubes of certain dicotyledons; 6 others suggested they might be protozoa causing the disease.70 Duggar and Armstrong were sceptical, having observed similar structures in healthy tissues. They proceeded to describe results of their own, obtained two years earlier,7' when they made an attempt to determine the particle size of the infective agent of tobacco mosaic disease. Using different types of filters, and a series of colloid sols of varying particle size (e.g. casein, gelatin suspensions, lactalbumin, haemoglobin, and dextrin), they concluded that the particle size of their pathogen approximated that of a fresh 1 per cent haemoglobin solution. According to their information this meant a particle size of 30pp;* having arrived at this value they concluded that ". . . its life relations must be very different from those of an organism whose volume relations are to this as 37,000 to 1 or about 1,000,000 to 26. This would be the relation between the average bacterial plant pathogen and the mosaic virus. Assuming a complex organisation, many theoretical questions would arise for consideration. Among these might be mentioned perhaps above all that of the surface tension conditions in such a structure, also the possibility of organisation at 
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Lessons of the plant viruses-tobacco mosaic virus all (membrane existence, etc.) as now comprehended."72 In this short paragraph we again find ourselves at a half-way mark; twenty years on from the tentative beginnings of biophysical calculations made by McKendrick73 and Errera,74 and aimed at determining the extent to which reduction of the size of living bodies would be limited by the minimum number of protein molecules required to sustain life processes. At the other extreme, further away in time and sophistication, were to come the lucid considerations, supported by the accumulation of nearly half a century more of revolutionary information, by Pirie76 regarding the viability of the 125 nm particles found in some mycoplasm (the category now including the pleuropneumonia agent) filtrates.
In the 1921 paper in which they first suggested a particle size of 30pp for tobacco mosaic virus, Duggar and Karrer had felt obliged to add a footnote. Their attention had been drawn, they explained, since they first wrote the paper, to an article in which an attempt had been made to determine the size of another filterable virus. This was Andriewsky's paper on ultrafiltration of fowl plague virus,76 in which he came to the conclusion that this pathogen was smaller than haemoglobin molecules for which he quoted a diameter of 2.3-2.5pp. On this point Duggar and Karrer commented: "In discussing actual size, however, he seems to confuse the sizes of colloidal particles of haemoglobin with the sizes of molecules. Nevertheless, his conclusion is to the effect that this virus cannot be formed of cells similar to those of plants and animals at present known."77 This remark reflects the uncertainty which at the time surrounded the concepts of colloidal particles, large molecules, aggregates, etc. Andriewsky is not referred to in the 1923 paper. Here, after carefully considering also the "enzyme" theory, the "bacterial" theory, and the "virus" theory, and comparing the effects of grinding on the infectivities of tobacco mosaic virus and of bacterial spores (Bacillus subtilis) respectively, they summed up their findings in the following remarkable paragraph:
Taking into consideration all the facts, we cannot avoid the impression, tentatively, that the causal agency in mosaic disease may be, in any particular case, a sometime product of the host cell; not a simple product such as an enzyme, but a particle of chromatin or of some structure with a definite heredity, a gene perhaps, that has, so to speak, revolted from the shackles of coordination, and being endowed with a capacity to reproduce itself, continues to produce disturbance and "stimulation" in its path, but its path is only the living cell. '8 Chromatin and achromatin, the brain children of Flemming,79 were soon accepted facts in the biochemical literature of the 1880s;8O but the possible genetic role of Lise Wilkinson chromatin was shrouded in uncertainty for many years. In The path to the double helix, Olby has traced the changing attitudes to what he calls "the vexed chromatin problem" ;81 curiously enough recognition of its genetic importance appears to have been at rather a low ebb at the time Duggar delivered his address.82
By the mid-1920s, biochemistry was coming into its own, and its impact was felt in virus research as elsewhere. Since before World War I there had been those who believed, on the basis of a mixture of comparative experimental work, constructive thought, and faith, that certain viruses had the properties of proteins. Faith 
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Lessons of the plant viruses-tobacco mosaic virus bodies formed in diseases of animals and man, and ignored plant diseases. In the early 1920s, others sought to apply cytological methods to the study of plant disease, and of tobacco mosaic disease in particular. B. T. Palm, from the isolation of a Dutch research station in Sumatra, asked: "Is the mosaic disease of tobacco a chlamydozoonose?"87 If others did not ask the question quite so explicitly, there was no dearth of papers reporting the presence of foreign bodies in the tissues of various plants affected by mosaic diseases. L. 0. Kunkel, a sober and experienced plant pathologist who, ten years later, as director of the Rockefeller Institute's Division of Plant Pathology, was to launch the young Wendell Stanley on a biochemical quest for the agent of tobacco mosaic disease, was careful not to attach too much significance to the plasma-like bodies and cells filled with granular matter which he found in affected tissues of corn and Hippeastrum.88
Then at a joint meeting of the Botanical Society of America and the American Phytopathological Society at Boston in 1922, Ray Nelson announced "The occurrence of protozoa in plants affected with mosaic and related diseases". It was an impressive account supported by a number of photomicrographs of flagella-like bodies in phloem tissues of mosaic diseased bean plants. Nelson was convinced they were flagellates; he compared them to what he considered to be related types of Leptomonas and Trypanosomes,89 and claimed to have observed them undergoing longitudinal fission. He also insisted that healthy tissues contained no similar structures, a statement contested less than a year later by Duggar and Armstrong,90 who confirmed the occurrence of objects of such appearance, but who found them in healthy as well as in diseased tissues, and who were not at all convinced that they were protozoa, or indeed foreign bodies at all. There was little support forthcoming for the flagellate notion in subsequent years. Goldstein studied what she named the x-bodies, found by her in tobacco plants"1 and in the leaves of dahlia plants affected with mosaic disease when they showed mottling.92 These bodies, described as lying in "close proximity to the nucleus of the cell, pressed up against it, or partially surrounding it" and being "notably amoeba-like in appearance", were similar to those observed in mosaic diseased tobacco leaves by Ivanovski (Fig. 2) and by Hunger.93 Goldstein thought the x-bodies might be "plastic enough to pass through the pores of anti-bacterial filters", and sought to identify them with the causal agent of the mosaic diseases.9' The structures of these types of inclusion bodies continued to puzzle plant pathologists. Helen Purdy Beale considered them coincidentally in a study of the crystalline intracellular deposits in relation to Stanley During the 1920s, the question of artificial culture of the virus also came up for renewed consideration. Olitsky claimed to have successfully cultivated tobacco mosaic virus in cell-free filtrates of the pulp from all vegetative parts of healthy young tomato plants;'8 but Mulvania,"9 Goldsworthy'00 and Beale'0l were all unable to reproduce his results.
Mulvania had every reason for reacting so swiftly to Olitsky's experiments on cultivation. He was already deep into his own investigations on the agent of tobacco mosaic disease, and the following year published a major study on the nature of this virus.102 Like Allard"°3 before him, he was concerned with the chemical properties of the mosaic disease agent; working a decade later, he benefited from the advances made in biochemical knowledge and techniques in the meantime. Also, significantly, Mulvania was familiar with the papers published by Mrowkal0' and Andriewsky'05 on the eve of World War I, in which they suggested that the agent of an animal virus disease, viz., fowl plague, had the characteristics of a simple globulin molecule. Mulvania may have been influenced in his approach by James Johnson,106 under whose direction the study was made. Certainly it was unusual at this time to find references to papers on animal viruses in studies on plant viruses. The traffic seemed to be all the other way, tobacco mosaic virus having merited inclusion in articles on viruses of animals and man'07 ever since the appearance of the first papers by Ivanovski and Beijerinck before the turn of the century. Lessons of the plant viruses-tobacco mosaic virus Mulvania made no actual attempt to precipitate the virus out of infected fluid as Mrowka and Andriewsky had done; but he recorded the effects of a number of carefully selected treatments on the infectivity of the virus. The treatments included exposure to light (sunlight, ultraviolet light, X-rays) and heat, injection of the virus into the bloodstream of a rabbit, testing its dialysability, and finally testing the possible ability of a number of bacteria to inactivate the virus. Although he found tobacco mosaic virus to tolerate higher temperatures than the animal viruses tested by others,108 he concluded, referring to the results of Mrowka and of Andriewsky with fowl plague virus: "It is not impossible that the mosaic virus of tobacco may be of a similar nature, that is, a protein of a very simple kind, having the characteristics of an enzyme"."* When he inoculated rabbits with tobacco mosaic virus, Mulvania was content to observe that the virus was inactivated within thirty minutes and that there was no detectable reaction on the part of the rabbit. Drawn blood of the rabbit also inactivated the virus in mixture with infected plant juice. Mulvania does not appear to have considered the mechanism of inactivation, beyond the laconic statement "It is, of course, well-known that non-pathogenic bacteria soon disappear from the blood of animals which have received them into their circulation".110 But separated from Mulvania's paper by only a few pages of the 1926 volume of Phytopathology, Goldsworthy wrote on 'Studies on the spot disease of cauliflower; a use of serum diagnosis'. Spot disease of cauliflower is a bacterial disease; Goldsworthy explained his technique as follows: "The writer, taking advantage of the high specificity of antibodies, as used by medical bacteriologists, has brought into use the agglutinating antiserum in his present study. High titre antisera were produced by injecting into rabbits the appropriate antigen, namely, the organism under study." '1 The following year Dvorak initiated the use of serological techniques in plant virus research;11" the potential of this approach was explored and developed for quantitative work in subsequent years by Helen Purdy Beale at the Boyce Thompson Institute.118
Beale's work was of particular importance at this stage, for the absence of reliable methods for assaying virus preparations had been a stumbling-block in much early work on plant viruses. In 1928 F. 0. Holmes took the first step towards a solution to the problem when he realized that the necrotic lesions produced in Nicotia glutinosa after infection with tobacco mosaic virus could give a quantitative indication of the relative infectivity of the inoculum used.114 The method was gradually 108 Mulvania, op. cit., note 102 above, (Fig. 3) . Having played her part in the unravelling of the structure of DNA,168 Rosalind Franklin had turned her attention to tobacco mosaic virus and in 1955 published in Nature a paper on its structure which summarized the results of previous work and of her own current X-ray diffraction studies. Unhappily, she did not live to conclude the work. Perhaps her contribution, and the extent of international collaboration at this stage, is best summed up by quoting a passage from the obituary written for Nature by Bernal when Roslind Franklin died in April 1958:
She took up its [tobacco mosaicvirus] X-raystudywhere it had been left in the work ofBernal and Fankuchen fifteen years before, using her improved techniques. Watson had put forward the hypothesis that the virus structure was also a spiral, but one of quite a different order from that which existed in proteins and in deoxyribonucleic acid. Miss Franklin, with the help of much better X-ray photographs than had hitherto been obtained, was able in essence to verify this hypothesis and to correct it in detail. It was at this point that the extremely fruitful co-operation began between Miss Franklin's unit and Fraenkel-Conrat at Berkeley, Caspar at Yale, and Schramm at Tubingen. Using the method of isomorphous replacement, she showed that the virus particle was not solid, as had previously been thought, but actuay a hollow tube.... 1.9 Fraenkel-Conrat is still very much involved in structural studies on plant viruses;170 Schramm's work, like Rosalind Franklin's, has been cut short by death; Caspar in Boston and Klug at Cambridge are engaging in ever more sophisticated studies of aspects of the physical arrangement of the tobacco mosaic virus particle and of related problems. 171 When Takahashi and Rawlins in 1932 had first found evidence suggesting that the particles of tobacco mosaic virus were rod-shaped,172 it cast doubts on the determinations of particle size which had until then been based on the assumption that the viruses studied, including tobacco mosaic virus, were spherical or near-spherical. The shape was amply confirmed by the studies of Bawden et The most interesting suggestion with regard to future developments is the idea put forward by Diener, that there may be a connexion between the plant viroids and the pathogen responsible for scrapie, a disease attacking the central nervous system of sheep.182 In common with kuru and Creutzfeld-Jakob disease in man, scrapie is characterised by the slowness of the course of the infection; the degenerative process
